Raman spectroscopic observations of the characteristics and dissociation of methane hydrate were carried out on hydrates synthesized in silica sands with particle sizes of 53-75 μm, 90-106 μm, 106-150 μm, and 150-180 μm. The results obtained indicate that methane hydrates formed in silica sands had similar characteristics regarding cage occupancy and hydration number (5.99) to bulk hydrate, indicative of no influence of particle size on hydrate composition. During hydrate dissociation, the change in average intensity ratio of large to small cages were generally consistent with that of bulk hydrate but dropped dramatically after a certain time, and this turning point seems to be related to the particle size of silica sands.
INTRODUCTION
Natural gas hydrate is often taken to be a potential energy source due to the huge amount available in nature [1, 2] . Considering the features of favorable gas hydrate reservoirs, it has been suggested that gas production from hydrate should be exploited by in situ hydrate dissociation [3] . As a result, a full understanding of hydrate decomposition in a typical reservoir setting is particularly important. The dissociation rate, which depends on T-P and other environmental conditions, is an essential parameter for evaluating the efficiency of gas recovery from hydrate in sediment. A number of studies [4] [5] [6] have reported the dissociation rate during depressurization and thermal stimulation.
However studies of the dissociation rate by conventional methods cannot yield information on the mechanism of hydrate dissociation. For investigating the dissociation mechanism some researchers have applied X-ray CT [7, 8] and nuclear magnetic resonance (NMR) [9] [10] [11] to study the dissociation kinetics on a micro scale. Raman spectroscopy has been widely used to study gas hydrates, with the advantage of giving information about cage occupancy in addition to the identification of the guest molecules [12] . Attempts have been made to observe CH 4 hydrate decomposition using Raman spectroscopy [13] [14] [15] . The results obtained showed that gas hydrates dissociate uniformly.
Except for those occurring as massive deposits on the seafloor, natural gas hydrates exist in sediments and are subject to their influence. Studies of the characteristics and dissociation in sediments are important to understand hydrate formation and dissociation mechanisms in nature. Unfortunately, except for the report on the structural information of natural gas hydrates from Mallik, Mackenzie delta [16] , no systematic study has been carried out on hydrate in sediment. This research reports the characteristics and dissociation of methane hydrates synthesized in silica sands of various sizes with Raman spectroscopy.
EXPERIMENTS

Sample preparation
The samples were prepared by reacting methane gas with ice, which was mixed with silica sand at a ratio 1:1 (v/v), in a 500 cm 3 pressure cell. The silica sand was from Sigma-Aldrich with a purity > 99%, and methane gas (>99.95%) was the product of Praxair Canada. The ice-silica sand mixture (~10 cm 3 ) was loaded into the cell at the temperature of dry ice (-78 ℃), then the cell was sealed and evacuated. After being charged with methane gas to 8 MPa, the cell was moved into a -20 ℃ freezer and left there for 1 hour, and later it was set in a 2.5 ℃ water bath. When no significant pressure drop was observed for a certain period (~ 2 days), the cell was placed in liquid nitrogen and opened for sample recovery. The sizes of silica sands tested are 53-75 μm, 90-106 μm, 106-150 μm, and 150-180 μm.
Raman spectroscopic observation
The experiments were carried out with a Raman spectrometer (Acton Research Corporation, Model: Spectropro 2500i) equipped with a Witec confocal microscope and Ar + laser (SpectroPhysics Laser: Model 177G, 100 mW) operating at 514.5 nm.
The test sample was loaded into an aluminum sample holder, which was pre-cooled down to the temperature of liquid nitrogen and placed in a custom-made box with a 3 cm (Φ) window covered with sapphire glass.
For studying the characteristics of methane hydrate formed in silica sands, the sample holder was cooled with liquid nitrogen throughout the experiments. Signals were collected at 4-6 positions on each sample, and the result was reported as an average.
For hydrate dissociation experiments, the box was filled with dry ice after the sample loading using a similar procedure for characterization study. As the dry ice sublimed, the temperature of the sample holder increased gradually and methane hydrate started to dissociate. The observations were taken over an interval of 2 minutes starting 3 minutes after sample loading, and the signal of each observation was co-added for 50 accumulations. The experiment ended when C-H signals were no longer observed. Throughout the experiments, the laser was focused on a spot on the sample with a 10x lens, although the focus was adjusted at times for a better signal quality.
RESULTS AND DISCUSSION
The characteristics of methane hydrate formed in silica sands Figure 1 shows the Raman spectra of methane hydrates formed in silica sands along with that of the bulk methane hydrate. Similar to that for the bulk hydrate, the signal from hydrate in silica sand has two peaks at 2902 and 2914 cm -1 , representing methane molecule in large and small cages, respectively [17] . The cage occupancies of methane molecules in large and small cages have been calculated with the method described in references [16, 17, 18] .As shown in Table 1 , similar to the bulk pure methane hydrate, those formed in silica sands have occupancies of CH 4 over large cage about 0.96, while the small cage occupancy of CH 4 varies in a comparatively larger range (0.94-0.96) but still similar to bulk hydrate (0.95). As compared with results reported on natural samples [17, 18] , the occupancies of CH 4 over cages of hydrates synthesized in silica sands are similar to natural hydrates, the large cage being almost fully occupied and the small cage occupancy varying in a relatively wide range, probably due to the difference in formation environments. As shown in Table 1 , the occupancies of CH 4 in both large and small cages are independent of particle size, indicative of no influence of particle size on the structure of hydrate formed in sands. Estimates of the hydration number were made as well as referring to the occupancies of CH 4 over hydrate cages (Table 1) . The values of the hydration number of the samples studied are in agreement with those reported on synthetic and natural methane hydrate samples [17] [18] [19] , ~ 6.0. Figure 2 shows a representative dissociation process of methane hydrate in silica sands. It can be seen that the dissociation of methane hydrate in silica sands is similar to bulk hydrate, the intensities of both large and small cages decreasing during the course of hydrate dissociation. However, as shown in Figure 3 the intensity ratio of large cage to small cage behaved in different ways for the bulk hydrate and for that in silica sands, especially for the sands of 53-75 μm and 90-106 μm. Compared with the nearly linear trend in bulk hydrate, the ratio dropped dramatically after a certain point of dissociation. Although this may suggest that in silica sands the large cage loses methane faster than the small cage, other explanations are more likely. Preferential disappearance of the large cage guests of gas hydrate has been reported by Dec et al. [10] for a mixed methane-ethane hydrate. It was explained as the result of the lower stability of hydrate containing exclusively ethane. Our results on bulk methane hydrate are consistent with the previously reported observation of Rovetto et al. [23] in that the unit cell decomposes as a single entity. However, for the hydrate in silica sand the timing of the dramatic drop in the ratio is particlesize dependent: it is not obvious in sands larger than 106 μm, and it comes earlier in the finer silica sands. For example, it was about 80 minutes after the experiment started in silica sands of 90-106 μm, but only about 50 minutes for silica sands of 53-75 μm. One explanation is that the nature of the hydrate changes with the pore sizes present in the silica sands and that hydrate in some pores decomposes more rapidly than hydrate in other pores.
Raman spectroscopic observation of hydrate dissociation in silica sands
CONCLUSION
Through studies on methane hydrates synthesized in a series of silica sands, both the characteristics and the dissociation of methane hydrate in silica sands are found to be generally similar with those in bulk methane hydrate. However, the dissociation behavior of hydrate in fine sands was found different from bulk hydrate, the average ratio of large to small cage of methane hydrates in silica sands dropped dramatically in fine sands after certain time, whereas it changed linearly with time in bulk methane hydrate.
